A number of recent studies done with simple numerical models suggest that the decadal variability in the extratropical North Pacific Ocean is a result of the excitation of low-frequency ocean basin modes. To test this assumption, low-frequency North Pacific variability was examined using a state-of-the-art coupled general circulation model (CGCM). Earlier studies had shown that slowly varying dynamical modes in a CGCM can be effectively isolated using the breeding technique. In this study, the breeding method was applied to the Center for Ocean-Land-Atmosphere Studies (COLA) anomaly coupled GCM (ACGCM), and it was found that several types of slow modes can be isolated depending on the parameters of the breeding cycle.
Introduction
Extratropical North Pacific climate exhibits robust variability on decadal time scales. This variability is characterized by decadal variations in the intensity of the Aleutian low, positive (negative) sea surface temperature anomalies in the central and western extratropical Pacific and negative (positive) anomalies in the tropical and eastern extratropical Pacific (see Graham 1994; Trenberth and Hurrell 1994; Zhang et al. 1997; Mantua and Hare 2002) . In the ocean, North Pacific decadal variability is characterized by significant variations in gyre-scale ocean circulation. For example, the decadal variations of temperature at depth (200-400 m) results from decadal shoaling (deepening) of thermocline in the western extratropical Pacific, corresponding to the intensification (weakening) of subpolar and subtropical gyres (see Miller et al. 1998; Deser et al. 1999) , and meridional shifts of the Kuroshio Extension (Seager et al. 2001) .
The origin of decadal variability likely resides in the slow ocean dynamics rather than in atmospheric dynamics, although atmospheric stochastic forcing may prove to be important. The selection of slow time scales by the ocean in response to the stochastic atmospheric forcing is one of the proposed theories for decadal variability. Such a response was studied using simple uncoupled models, and it was suggested that, if the ocean basin is bounded, the stochastic forcing can resonantly excite internal ocean basin modes, producing a spectral peak in the response at the frequency of the dominant basin mode (Cessi and Louazel 2001; Yang and Liu 2003) . The properties of decadal basin modes strongly depend on the model formulation, such as basin geometry and the presence of the mean circulation (see Spydel and Cessi 2003; Jelloul and Huck 2005; Vikhliaev 2006; Vikhliaev et al. 2007) , so the role of ocean basin modes in producing decadal variability must be verified using realistic models such as a coupled general circulation model (CGCM). The dominant basin modes in simplified ocean models as in Cessi and Louazel (2001) and Yang and Liu (2003) are not necessarily similar to the dominant modes in a complex coupled system because those simple models neglect many atmospheric, oceanic, and coupled dynamical modes. The intent of our study is to determine to what extent the decadal variability in a coupled system can be explained by the ocean basin modes. To address this question we utilize the breeding technique for isolating low-frequency dynamical modes in the anomaly coupled general circulation model (ACGCM) available at the Center for Ocean-Land-Atmosphere Studies (COLA; Kirtman et al. 2002) .
The breeding method (also referred as initial value method in the literature) isolates the fastest growing modes in unstable systems or the slowest decaying modes in stable systems. The method has been used for the separation of the most unstable vectors in linear atmospheric models (Brown 1969; Simmons and Hoskins 1976) . Vikhliaev (2006) combined the breeding method with a linear least squares method and the adjoint technique for the calculation of multiple slowly decaying basin modes in a linear ocean model. Our goal here is to find low-frequency dynamical modes in a nonlinear fully coupled model and examine if they share any common properties with the baroclinic basin modes from simple linear ocean models.
The separation of different modes in a nonlinear CGCM is not trivial as in simple linear models because the linearization of the CGCM and construction of the adjoint model is complicated. Toth and Kalnay (1993) showed that the breeding method can be applied to nonlinear models for finding the most unstable vectors, called bred vectors, if the amplitude of these vectors is kept below the nonlinear saturation level. They used the breeding technique to examine the dominant instability in a nonlinear atmospheric model. Kalnay et al. (2004) argue that the bred vectors in a nonlinear model are an estimation of a superposition of dominant Lyapunov vectors in the dynamical system. Later, Cai et al. (2003) tested the breeding technique in a nonlinear coupled system using the Zebiak-Cane model. They found that the bred vectors in this model have characteristics of tropical coupled instabilities associated with ENSO. In contrast to the Zebiak-Cane model where the dominant mode is associated with ENSO and varies on interannual time scales, the dominant modes in a coupled GCM are associated with rapidly growing atmospheric instabilities and vary on weather time scales. Peña and Kalnay (2004) examined the bred vectors in a simple Lorenz coupled model with two subsystems simulating the fast atmosphere coupled with the slow ocean. They found that, in spite of the presence of rapidly growing modes in the fast subsystem, the breeding technique is able to isolate slow modes of the coupled system if the breeding parameters are properly chosen. Yang et al. (2006) first applied the breeding method to a coupled GCM to examine ENSO bred vectors. They showed that the fast atmospheric instabilities can be separated from the slower tropical coupled instability since the fast atmospheric modes have a small impact/amplitude in the ocean variables while the ENSO is a dominant mode in the tropical ocean. We use the results of Yang et al. as a guideline and apply the breeding method to COLA anomaly coupled GCM focusing our attention on slow extratropical modes. Important details of the procedure were obtained during personal communication (Yang et al. 2006) and are described in section 3.
A brief overview of the COLA ACGCM is given in section 2. Section 3 introduces the breeding technique and its application to a coupled GCM. Before investigating the extratropical modes, we repeated the experiment of Yang et al. (2006) and isolated ENSO bred vectors in the COLA ACGCM to make sure that the breeding technique is applicable to our model and that the resulting bred vectors are reproducible with this model and are robust. The results of this experiment are presented in section 4. Section 5 demonstrates that different types of growing modes with interannual and decadal time scales can be isolated in the extratropical North Pacific, depending on parameters of the breeding cycle. A summary and discussion are given in section 6.
COLA ACGCM
The COLA anomaly coupled GCM is specifically designed to reduce the climate drift that is present in most coupled GCMs (Kirtman et al. 2002) . The main idea is that the ocean and atmosphere exchange predicted anomalies, which are computed relative to their own model climatologies, while the climatology upon which the anomalies are superimposed is specified from observations or model-based estimates of observations. The anomaly coupling strategy requires atmospheric model climatologies of momentum, heat and freshwater flux, and an ocean model SST climatology. Similarly, observed climatologies of momentum, heat and freshwater flux, and SST are also required. The model climatologies are defined by separate uncoupled extended simulations of ocean and atmospheric models. In the case of the atmosphere, the model climatology is computed from a 30-yr (1961-1990) integration with observed specified SST. This SST is also used to define the observed SST climatology. In the case of the ocean model SST climatology, an extended uncoupled ocean model simulation is made using 30 years of 1000-mb National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP-NCAR) Reanalysis winds. The NCEP-NCAR winds are converted to wind stress. As with the SST, this observed wind stress product is used to define the observed momentum flux climatology. The heat flux and the freshwater flux in this ocean-only simulation is parameterized using damping of SST and sea surface salinity to observed conditions with a 100-day time scale. The heat and freshwater flux "observed" climatologies are then calculated from the results of the extended ocean-only simulation. The ocean and atmosphere models exchange daily mean fluxes of heat, momentum, and freshwater , and SST, once a day. No additional empirical corrections are applied to any of the exchanged anomalies.
The atmospheric component of the model is the COLA atmospheric GCM. The dynamical core is spectral (truncated at total triangular wavenumber 42) with semi-Lagrangian moisture transport. There are 18 unevenly spaced -coordinate vertical levels.
The ocean model is version 3 of the Geophysical Fluid Dynamics Laboratory Modular Ocean Model (GFDL MOM), a finite-difference treatment of the primitive equations of motion using the Boussinesq and hydrostatic approximations in spherical coordinates. The domain is that of the World Ocean between 74°S and 65°N. The coastline and bottom topography are realistic except that ocean depths less than 100 m are set to 100 m and the maximum depth is set to 6000 m. The artificial high-latitude meridional boundaries are impermeable and insulating. The zonal resolution is 1.5°. The meridional grid spacing is 0.5°between 10°S and 10°N, gradually increasing to 1.5°at 30°N and 30°S and fixed at 1.5°in the extratropics. There are 25 levels in the vertical with 17 levels in the upper 450 m.
Application of the breeding method to the coupled GCM
The breeding method requires two integrations: a control integration and a perturbed integration. The difference between these two integrations results from a small random initial disturbance (see Fig. 1 ). We assume that such a random perturbation has a high probability of having some projection on the large-scale modes in the system. During the integration this perturbation evolves into a superposition of the fastest growing modes called the bred vector. In the CGCM the bred vectors are growing due to presence of the growing modes in the model. Bred vectors in simple linear ocean models, such as the shallow-water model, however, are decaying because the leading modes in this type of model are decaying ocean basin modes (see Vikhliaev 2006; Vikhliaev et al. 2007 ). The periodic rescaling (damping) of the bred vector in the CGCM during the perturbed integration is necessary to avoid a saturation of the perturbation. When the dominant modes in the model are decaying, as in Vikhliaev (2006) , a periodic boosting of perturbation is applied to avoid a computational underflow.
A coupled GCM simulation may include different types of oceanic, atmospheric, and coupled instabilities. Based on the breeding experiments with the Lorenz model containing fast and slow subsystems (a simple analog of the fast atmosphere coupled with the slow ocean), Peña and Kalnay (2004) showed that fast or slow modes can be singled out by the proper choice of the breeding parameters. For the method to work the modes of interest need to be well separated from the other modes in terms of time scale, and their saturation amplitude should be larger than the saturation amplitude of the other modes. The breeding cycle depends on the norm used to measure the amplitude of the bred vector, the amplitude of the initial disturbance, and the rescaling interval. These parameters should be chosen to allow the modes of interest to reach amplitudes larger than the other modes but remain unsaturated. Toth and Kalnay (1993) showed that a rescaling interval on the order of several hours to several days allows for separation of the bred vectors associated with baroclinic instability in a global atmospheric model, even though the fastest growing mode in the model was tropical convective instability. Separation of a baroclinically unstable mode is possible because, although the convective mode grows fast, it reaches saturation within minutes at relatively small amplitude. Yang et al. (2006) applied the breeding method to two different coupled GCMs for isolating the ENSO mode. They used a breeding interval of one month and the amplitude of the disturbance was calculated based on the SST norm averaged over the tropical Pacific domain. The choice of the SST norm for separation of the ENSO mode was made because, while this mode has smaller amplitude than weather instability in the atmospheric variables, in the tropical ocean it is the dominant mode.
We applied the breeding technique to the COLA ACGCM and found that by varying the breeding parameters it is possible to separate several types of bred vectors. First, we found the ENSO bred vectors to ensure that the results of Yang et al. (2006) are reproducible and their procedure is robust. These results are reviewed in section 4. Then we made several experiments with different breeding parameters, focusing our attention on the midlatitude North Pacific. To choose the proper rescaling interval, we performed the first test experiment without any rescaling, where the perturbation was allowed to reach the saturation level. Analyzing the error growth in the test run we found two distinct time scales: seasonal-interannual and decadal. Bred vectors associated with each of these time scales can be singled out by choosing the rescaling interval of 6 months and 10 years, respectively (see section 5).
In all experiments described below the same ACGCM integration is used as a control run, and the variability in this integration is referred to as the background variability. The parameters of the breeding cycle vary in each experiment, while the general steps are as follows: 1) A small random perturbation is introduced into the background SST, and the perturbed model is integrated. The perturbation quickly propagates into the atmosphere and the subsurface ocean and grows with time. 2) At the end of the rescaling interval the difference between the control and perturbed integrations is rescaled to the amplitude of approximately 1% of the background variability based on the chosen norm (see Table 1 ). The amplitude of perturbation is calculated using only one variable, but all variables are rescaled. Note that the bred vectors do not depend on the norm chosen to measure the bred vector amplitude (see Cai et al. 2003 ). The norm is chosen for convenience of calculating the rescaling coefficient.
3) The rescaled perturbation is added to the background field, and the newly perturbed model is integrated again. 4) Steps 2-3 are repeated iteratively until the bred vector time series is long enough to perform the statistical analysis (i.e., several decades for the decadal mode).
The properties of the bred vectors are examined using statistical analysis. During the analysis of the bred vectors we skip the first rescaling interval.
ENSO bred vectors
To test the robustness of the breeding method we applied it to COLA ACGCM in order to isolate the ENSO mode and compared the results to those of Yang et al. (2006) . A random initial disturbance to the control tropical Pacific SST was added and a 50-yr perturbed integration was made. The difference between the control and perturbed runs converges quickly (i.e., in a few breeding cycles) to the vectors representing ENSO. To measure the amplitude of the disturbance, we chose the root mean square of the bred vector upper-ocean heat content (a mean temperature in upper 200 m) averaged over the tropical Pacific from 15°S to 15°N, 120°E to 90°W. We chose this measure because the tropical Pacific bred-vector oceanic temperature is dominated by the ENSO mode. Other instabilities are also present but they saturate at smaller amplitudes. Analyzing the test experiment without rescaling, we found that the time it takes for the initial perturbation to grow to saturation amplitude is about 10 months (i.e., the bred vector amplitude stops growing in approximately 10 months), so we chose the rescaling interval to be 6 months. We assume that in 6 months the ENSO mode will reach large enough amplitude compared to faster modes while staying well below the saturation level. At the end of each rescaling interval the perturbation is rescaled to an amplitude of 0.01°C, which is approximately two orders of magnitude less than the background heat content variability in the tropics. Yang et al. (2006) took the rescaling interval to be 1 month and the size of initial disturbance based on the rms of the bred vector SST averaged over the tropical Pacific to be 0.085°C, about 10% of background SST variability in their model. As we show below, such differences in breeding parameters do not affect the breeding of ENSO mode significantly, and the resulting bred vectors are basically the same. Analyzing the growth of the disturbance in SST and subsurface temperature in the same breeding experiment, we found that, although the ENSO mode is dominant in the tropics in both surface and subsurface temperature, it is more pronounced in the subsurface. A typical picture of the ENSO bred vector growth is shown in Fig. 2 . In this analysis, and hereafter, the monthly mean values of control and perturbed fields were used to calculate the bred vectors. Each breeding cycle in Fig. 2 exhibits a linear growth of amplitude of the bred vector heat content for about 6 months. The rms of the bred vector SST averaged over the Tropics (not shown) does not have as persistent growth over 6 months as the amplitude of the bred vector heat content. Given these results we conclude that the bred vector SST is strongly affected by high frequency modes, such as tropical instability waves and mixed layer response to atmospheric internal dynamics.
To analyze the spatial pattern of the growing perturbation we performed an EOF analysis of the bred vector fields. The entire bred vector time series excluding the first breeding cycle was used to calculate the EOFs. The leading EOFs of the bred vector SST and the upper-ocean heat content are shown in Fig. 3 . The two leading EOFs of the bred vector heat content explain 20% and 9% of total variability and show a signature of the Rossby-Kelvin wave packet. Both leading EOFs of the bred vector heat content have a dipole pattern along the equator, indicating an east-west phase propagation of the tropical waves. The leading EOF of the bred vector SST explains 10% of total variability and exhibits an equatorially confined pattern spreading over the eastern and central Pacific. The leading EOFs of the bred vector SST and heat content show that the dominant mode with the amplitude growing, as shown in Fig. 2 , has a pattern that is typical for ENSO. From the EOF analysis of the bred vector heat content it follows that the ENSO mode is the dominant global mode in the ocean subsurface, explaining at least 29% of the subsurface temperature variability. The leading EOF of the bred vector SST explains only 10% of variability, and higher EOFs (not shown) do not resemble the ENSO pattern. This result confirms our conclusion that the bred vector SST is more strongly affected by high frequency modes than the bred vector heat content, and it is plausible that the use of heat content is preferable to the use of SST for measuring the amplitude of the ENSO bred vectors.
Figures 4 and 5 show the lead-lag correlation cross section of the background heat content against the background Ninõ-3.4 index and correlation cross section of the bred vector heat content against the bred vector Ninõ-3.4 index, along with the correlation maps of the same variables at zero lag. The Ninõ-3.4 index is the SST anomaly averaged over the Ninõ-3.4 region, that is, from 5°S to 5°N, 190°E to 120°W. It follows from the comparison of Figs. 4 and 5 that the development and spatial structure of the ENSO bred vectors are rather similar to the background ENSO variability. The difference between the bred vector and background patterns includes the lower correlation of the bred vector variables off the equator and at lags longer than 2 months compared to the background variables. This can be explained by the presence of the modes faster than ENSO in the tropical ocean, such as tropical instability waves and mixed layer response to atmospheric weather noise. These fast modes introduce noise into the ocean fields. The ratio of the ENSO signal to noise is higher in the background anomalies than in the bred vector since we rescale the bred vector such that the amplitude of the ENSO mode is lower than the nonlinear saturation level. This noisiness reduces remote (off equatorial) and time-lagged correlation of the 
Rossby-Kelvin wave packet; the dominant mode of SST has a typical standing ENSO pattern. We did not find a robust phase lag relationship between the ENSO bred vector growth rate and the background ENSO, such as in Yang et al. (2006) . The lag correlations of the bred vector growth rate against the background Niño-3 are rather small in our case. The noise due to internal atmospheric dynamics in the ACGCM has larger amplitude than in other CGCMs. Ocean response to atmospheric noise may lead to reduced correlation between the bred vector growth rate and the background ENSO. Moreover, we will show below that the relationship between the background and the bred vector may depend on whether the system is governed by noise or classical instability. The similarity of the dominant bred vector patterns obtained from the breeding experiments with different coupled GCMs leads us to conclude that the breeding method is robust and applicable to the COLA ACGCM for separation of modes with slow time scales. Although the ENSO mode is the largest mode in the ocean, its amplitude is tropically confined. We now ex- amine whether excluding the tropics from the analysis domain allows for the separation of interannualdecadal modes that are not related to ENSO.
Extratropical bred vectors a. Interannual bred vectors
To find the appropriate parameters for breeding the extratropical bred vectors, we performed a test experiment starting with a small initial disturbance in SST, which was integrated until the disturbance reached saturation. We analyzed the growth of the bred vector SST and heat content below the mixed layer (from 150 to 450 m). To measure the amplitude of the bred vector fields we used the rms of the bred vector field averaged over the extratropical North Pacific from 30°to 60°N, 140°E to 130°W. We found that the bred vector SST in the extratropics is strongly affected by the high frequency modes. The subsurface variables are less noisy than SST. The saturation time scale of the upper-ocean heat content below the mixed layer in the extratropics is about 10 months (i.e., the bred vector amplitude stops growing in approximately 10 months), so we chose the rescaling interval of 6 months. We assume that such a choice of the rescaling interval will allow separation of the slow extratropical modes while keeping their amplitude well below saturation.
The typical growth of the bred vector heat content averaged over the extratropical North Pacific is shown in Fig. 6 . To analyze the dominant growing pattern we performed an EOF analysis of the bred vector heat content in the extratropical North Pacific domain from 20°to 65°N, 120°E to 110°W. The results are shown in Fig. 7 . The first EOF explains 16% of total variability and is characterized by the small-scale structure located east of Japan spanning the Kuroshio Extension. Note that all variance in the leading EOF is localized in a very small region in the western North Pacific and does not exhibit any significant variance in the central and eastern North Pacific. The region along the Kuroshio Extension is characterized by a strong meridional gradient of mean temperature and a strong meridional shear of zonal mean current. It is most likely that the growth of disturbance in this region is a result of oceanic barotropic and baroclinic instability. Though our model has relatively low resolution, it still produces small-scale unstable modes; however, they likely have different spatial and temporal scales compared to corresponding modes in the real ocean.
The second EOF of the bred vector heat content in the extratropics explains 13% of total variability and has the signature of a subtropical Rossby wave. It is confined to the subtropics and does not show a significant variance over the rest of the North Pacific domain. Higher EOFs of the bred vector heat content are not separated well from each other according to North's rule of thumb (see von Storch and Zwiers 1999) and each of them explain rather little variance, so they are not presented here. Nevertheless we analyzed the first 10 EOF patterns and found that all of them are localized either in the region east of Japan or in the subtropics. No variance was detected in the central and eastern North Pacific. The principal components corresponding to the two leading EOF patterns of the bred vector heat content in the extratropical North Pacific are shown in Fig. 8 . Both time series exhibit variability on seasonal-to-interannual time scales.
Apparently, the growth of the disturbance over the extratropical North Pacific shown in Fig. 6 is a result of oceanic instability east of Japan over the Kuroshio Extension and the subtropical Rossby waves. No significant amplitude of the bred vector is found over the central and eastern North Pacific. Figure 9 shows the time series of heat content from the control integration and perturbed integration in the eastern Pacific at 40°N, 140°W. The dominant variability in Fig. 9 resembles a linear trend. However, analyzing the upperocean heat content in a 450-yr integration of the ACGCM we found that the dominant mode in the North Pacific is, in fact, a variation on multicentennial time scales and not a trend (see Vikhliaev 2006 , chapter 3). Smaller amplitude interannual and decadal signals are superimposed on the multicentennial variation. It is clear that the control and perturbed time series in Fig.  9 do not diverge given a rescaling interval of 6 months, though both of them exhibit strong variability on decadal and slower time scales. This implies that either no growing modes exist in this region, or the rescaling interval is too short to allow slow modes to dominate. To test which assumption is valid, we performed a breeding experiment with a longer rescaling interval, measuring the amplitude of the bred vector based on the heat content over the eastern extratropical North Pacific.
b. Decadal bred vectors
We argued in the previous section that the dominant bred vectors in the extratropical North Pacific result from ocean instability localized near the eastern coast of Japan. Some influence of the ENSO is also detected in the subtropics. The small amplitude of the bred vectors over the central and eastern extratropical North Pacific in the previous experiment can be attributed to two possibilities: 1) no growing modes exist over this region and 2) growing modes exist but fail to develop owing to a short rescaling interval. The rescaling interval in the previous experiment was chosen based on the analysis of bred vector growth in the integration without rescaling. The amplitude was measured based on the rms of bred vector heat content averaged over the midlatitude North Pacific domain. We reanalyzed the amplitude of bred vector heat content, averaging the rms over the region 35°to 60°N from the date line to 140°W. Such a choice of the analysis domain reduces the effect of the interannual bred vectors on the growth. We found two distinct time scales of growth: interannual and decadal. The interannual mode saturates in about 10 months while the decadal mode continues to grow and saturates at a larger amplitude in about 15 yr. Given this longer saturation time scale, we assume that a rescaling interval equal to 10 yr will allow the decadal mode to develop while staying below saturation. The typical growth of the bred vector heat content norm is shown in Fig. 10 . The saturation of the interannual mode is seen at the beginning of each rescaling interval. The robustness of the bred vector growth with 10-yr rescaling interval and amplitude measured over the eastern extratropical North Pacific was tested by making an ensemble of three perturbed integrations starting from the same date and using the same integration as a background. Though the resulting bred vectors are different, all of them have two distinct time scales of growth. The impact of the longer rescaling interval can be seen by comparison of Figs. 11a and 9. Both figures show time series of the control and the perturbed ocean heat content at 40°N, 140°W but with different rescaling intervals. Figure 11b shows the same time series as in Fig. 11a but with the 20-yr running annual cycle removed. Such an approach allows us to reduce the impact of the centennial variability. Increasing the rescaling interval from 6 months to 10 yr allows for the control and perturbed subsurface fields to diverge on decadal time scales (Fig. 11b) , while both of them still follow the same centennial path (Fig.  11b ).
An EOF analysis of the bred vector heat content over the extratropical North Pacific (30°-65°N, 140°E-120°W) shows the spatial structure of the mode growing on decadal time scales. The leading EOF explains 19% Fig. 7 (PC1 is black, PC2 is green).
FIG. 8. The leading principal components (PCs) corresponding to EOFs shown in

5754
of total variance and is shown in Fig. 12 . Besides the large amplitude pattern located east of Japan, this EOF is characterized by the smaller amplitude but largescale patterns in the central and eastern extratropical North Pacific that were not detected in the bred vectors using a 6-month rescaling interval. The leading principal component time series exhibits strong variability on decadal time scales.
The dominant structure of the EOF shown in Fig. 12 is located east of Japan over the Kuroshio Extension region. Temperature variability in this region is characterized by multiple time scales including seasonal-tointerannual and decadal time scales. As mentioned in section 1, the breeding method allows us to separate the slow modes from the fast modes in a nonlinear model, if the modes of interest are well separated from the other modes in time scale and their saturation amplitude is larger than the saturation amplitude of the other modes. Our analysis reveals that the latter condition is not satisfied in the Kuroshio Extension. For example, the persistent growth of the perturbation amplitude over 10 yr, as shown in Fig. 10 , cannot be seen if the amplitude is measured over the western North Pacific. The perturbation saturates in about 1 yr in the latter case. This indicates that the saturation level of the interannual mode over the Kuroshio Extension is at least as large as the saturation level of the decadal mode. Though the analysis of the decadal mode over the Kuroshio Extension is of interest, since high correlation between the SST and surface heat flux variability (Seager et al. 2001) indicates the possibility of a coupled mode, increasing the rescaling interval does not allow for separation of the decadal mode from the faster modes in this region.
To analyze the development of the decadal bred vectors we calculated the lead-lag correlation maps of the principal component, shown in Fig. 12 , with the bred vector heat content field and found that correlation at lags longer than 1 yr is small and does not have a coherent pattern (not shown). Lack of correlation and coherency at long lags is very likely a consequence of the impact of interannual modes east of Japan. We repeated the EOF analysis of the bred vector heat content, but reduced the analysis domain to the eastern extratropical North Pacific from 30°to 65°N and from the date line to 140°W (see Fig. 13 ). Such a choice of the analysis domain excludes the region that is strongly affected by the interannual modes related to the oceanic instability east of Japan. The principal component corresponding to the leading EOF (see Fig. 13 , bottom) was then correlated with the bred vector heat content at different leads and lags. The resulting maps are shown in Fig. 14 . They exhibit the signature of long Rossby waves. An anomaly originating at the western coast of North America propagates westward as a Rossby wave and into the subtropics. The southward propagation of the signal is likely to be a result of advection by the subtropical gyre. In the absence of the gyre long Rossby waves would propagate straight to the west since they are not affected by beta dispersion. It takes about 6 years for the disturbance to reach the western boundary.
Although the detected decadal bred vectors, as was the case with the planetary ocean basin modes, are composed of long Rossby waves, there are significant differences between the bred vectors from the ACGCM and the ocean basin modes: 1) All basin modes in the ocean-only model are stable (decaying). The basin modes are damped due to dissipation along the western boundary layer. The decadal bred vectors in the coupled GCM are growing. One possible reason for the bred vector growth is wind forcing. The rescaling interval in our breeding experiments is much longer than the saturation time of the dominant atmospheric modes; therefore the forcing of the ocean component in the control and the perturbed runs differs due to weather noise, and this may cause the control and perturbed oceanic fields to diverge. An example of bred vector growth in a simple stochastically forced system will be given in section 5c. Another possible reason for bred vector growth is the existence of a decadal extratropical oceanic or coupled instability. 2) Both the planetary ocean basin modes and the de- tected decadal bred vectors involve Rossby and Kelvin wave dynamics. In the case of the ocean basin modes, slow Rossby waves transport the energy across the ocean from east to west, while coastal Kelvin waves transport the energy between the ocean basins, and equatorial Kelvin waves transport the energy from the western boundaries back to the eastern boundaries. If the basin is the global ocean, FIG. 11. (a) Heat content from the control integration (black) and perturbed integration (green) at 40°N, 140°W (cf. Fig. 9 ). The rescaling interval is equal to 10 yr. (b) As in (a) but with the 20-yr running annual cycle removed.
Kelvin and Rossby waves together organize the global basin modes (see Vikhliaev et al. 2007 ). We did not find any signature of the global decadal modes in the bred vectors from COLA ACGCM. The leading principal component of the bred vector heat content in the eastern extratropical North Pacific does not have any significant correlation with the bred vector heat content in the Southern Hemisphere and in other oceans. One possible reason for this may be a fast dissipation of the coastal Kelvin waves preventing the exchange of energy between the ocean basins and between the eastern and western boundaries.
c. The relationship between the decadal bred vectors and the background variability
Studying the relationship between the decadal bred vectors and the background variability is complicated because the subsurface variability in the ACGCM is dominated by centennial time scales (see Figs. 9 and 11a). To locally reduce the impact of the centennial variability in the control output, we subtracted a climatology based on 20-yr intervals from the monthly control heat content. This approach, while somewhat crude, does reduce the impact of the centennial signal (see Figs. 11a,b) . To find the relation between the decadal bred vectors and the background variability, we analyzed the heat content anomaly in time-longitude sections along different extratropical latitudes from the control (background), perturbed integrations, and the bred vector heat content normalized to unit amplitude. An example of such a time-longitude section is shown in Fig. 15 . The reader should note that there is a rescaling in the middle of 2333 as can be seen in the perturbed heat content anomaly (middle panel). Though the bred vector heat content was normalized, the effect of rescaling can still be seen in the bred vector field because right 5758 after rescaling the fast-growing interannual modes dominate (bottom panel) for a short period (9-11 months). Once the interannual modes saturate, the decadal bred vector rapidly converges to a large-scale pattern that is consistent with the pattern before the rescaling. Effectively, there is a "discontinuity" due to the interannual modes, but after a sufficiently long period the decadal modes emerge and eventually dominate. During the end of the rescaling period (year 2339-2340), the bred vector and the background anomaly are in phase, indicating that the fastest growing perturbation increases the amplitude of the anomaly in the background simulation. This is not always the case, as discussed below. Analyzing the bred vector heat content, we find that, during strong anomalous events in the background state, the bred vector structure is often out of phase with the background heat content anomaly, such as during years 2332-2337, in contrast to years 2339-2340 noted above. We found several such events in the 120-yr integration. For instance, Fig. 16 shows an example of a typical event in the background heat content anomaly along 30°N. A positive anomaly propagates to the west, increasing in amplitude. The westward propagation is clearly due to long Rossby waves. Long Rossby waves are generated by the wind stress curl and are assumed to be responsible for the decadal temperature variability in the North Pacific (Qiu 2003; Schneider and Miller 2001) . The increase in amplitude of the anomaly takes place because the anomaly originates north of 30°N and propagates to the south, as can be seen in Fig. 14. Earlier studies suggest that the subsurface temperature variability associated with the long Rossby waves affects the SST variability in the western North Pacific over the region of Kuroshio Extension through the intensification or weakening of the gyre circulation (Qiu 2003) , vertical entrainment into the surface mixed layer , and meridional displacement of the subtropical and subpolar gyres (Seager et al. 2001) . SST variability in the central North Pacific results from local response to the wind stress anomalies through changes in the surface heat flux and advection of the mean SST by the anomalous Ekman transport (Seager et al. 2001) . Decadal SST anomalies in the western North Pacific are advected to the east by the Kuroshio Extension and can intensify or weaken the SST anomalies in the central North Pacific. Figure 17 shows the development of the bred vector heat content along the same latitude as in Fig. 16 , resulting from three different initially random perturbations. All three panels in Fig. 17 exhibit a westwardpropagating negative pattern in the central North Pacific between 2406 and 2414 that is opposite to the background anomaly shown in Fig. 16 . Figure 18 shows the maps of background heat content anomaly and the bred vector heat content averaged over the 3-yr interval when the amplitude of the heat content anomaly was maximum. Figures 16-18 indicate that the tendency of the bred vectors to grow in the direction opposite to strong background anomaly is robust (i.e., the strongest bred vector growth in this case acts to damp the anomaly).
The similarity between the decadal bred vectors and the negative of the background anomaly can be explained by a linear dynamics. Consider a simple linear system of the form:
where F is stochastic forcing. If the real part of is negative, the system (1) is damped, and the solution is a resonant response with the dominant time scale that is defined by the imaginary part of and the amplitude defined by the forcing and the real part of . The general solution of (1) of such random trajectories grows with time until it reaches saturation. The expectation exponentially decays to zero:
If one of the trajectories is chosen to represent a control solution and the breeding cycle is started prior to or during a strongly anomalous state, the perturbed anomaly is likely to be smaller than the control one, that is, closer to expectation. In this case the bred vector would have sign opposite to the sign of the background anomaly since, by definition, the bred vector is equal to the perturbed solution minus the control solution. If the breeding cycle is started when the background anomaly is weak, the perturbed anomaly can be larger or smaller than the background anomaly, and the bred vector can be positive or negative.
An example of the numerical solution of (1) with the decay rate and period of 10 nondimensional time units and white noise forcing is shown in Fig. 19 . The top panel shows the real part of a control solution. The dominant time scale of variability is about 10 time units, consistent with the resonant response. The bottom panel shows an example of a typical breeding cycle starting prior to a strong positive anomaly in the background. The solid line is the control solution, the dotted line is the expectation of x, the dashed line is the perturbed solution, and the dashed-dotted line is the resulting bred vector. At the beginning of the breeding cycle the control anomaly is much larger than the expectation. A perturbed trajectory lies closer to the expectation resulting in a negative bred vector.
A mechanism similar to the one described above may explain the observed relationship between the decadal bred vectors and strong background anomalies in the case when the ocean is forced by a stochastic atmosphere. Unlike (1), the ACGCM has multiple modes, but presumably only a few of them dominate. The control and perturbed integrations in the ACGCM start from similar initial conditions and the rescaling interval is shorter than the decorrelation time scale, so both solutions have similar patterns, and so does the bred vector. When the background is in a strongly anomalous state, the perturbed anomaly is likely to be smaller (closer to the expected value), causing the bred vector to be out of phase with the background. Notice that although linear damped stochastically forced dynamics is able to provide a plausible explanation for the bred vector behavior, we cannot exclude the existence of some kind of extratropical oceanic or coupled instability since both mechanisms, instability and stochastic forcing, may affect the bred vector growth simultaneously. The existence of extratropical instability still needs to be examined. For this purpose we plan to calculate the decadal modes in the COLA interactive ensemble GCM (IEGCM; Kirtman and Shukla 2002) in the future. The atmospheric noise is reduced in the IEGCM by averaging an ensemble of AGCM integrations.
Summary
In this study we applied the breeding method to a coupled general circulation model for studying the dy- namical modes with slow time scales. Our goal was to determine if any of these modes have common properties with low-frequency baroclinic ocean basin modes found in simple ocean models. Our analysis indicates that the breeding method is capable of separating the dynamical modes with different time scales in a nonlinear coupled model. The separation of different modes is possible because of the nature of nonlinear dynamics. To filter out unwanted fast growing modes, in our analysis we use the variables in which these modes saturate at a small amplitude. For instance, using the oceanic fields in the analysis with sufficiently long rescaling intervals allows us to filter out fast-growing atmospheric instability; using extratropical fields allows us to filter out the tropical coupled mode. Varying the rescaling interval in the breeding experiments also allows for the isolation of different types of modes in the extratropical ocean. Rescaling the bred vectors every six months allows us to isolate oceanic instability east of Japan that has a seasonal-to-interannual time scale. Increasing the rescaling interval to 10 years results in the separation of decadal modes that are dominant in the central and eastern extratropical Pacific.
Although the decadal bred vectors comprise baroclinic Rossby waves (similar to planetary baroclinic basin modes), the ACGCM bred vectors are not basin modes. The most notable difference is the local North Pacific character of the decadal bred vectors; the basin modes in the global ocean have global structure (see Vikhliaev 2006) . Moreover, ocean basin modes are damped, while the decadal bred vectors found here are growing. There are two possible mechanisms for bred vector growth: 1) classical instability and 2) forcing. Stochastic forcing is always present in our breeding experiments since the rescaling intervals are longer than the saturation time of the dominant atmospheric modes, and the ocean in the two ACGCM integrations is forced by different weather noise.
Analyzing the relationship between the decadal bred vectors and background extratropical variability, we found that during strong anomalous background events the bred vectors are growing in the direction opposite to the background anomaly. Such behavior is consistent with the growth of perturbations in a linear damped stochastically forced system. The existence of classical instability may result in a different relation between the bred vectors and the background state. For example ENSO bred vectors in the Zebiak-Cane model are phase shifted with respect to the background ENSO (see Cai et al. 2003) . This is consistent with the delayed oscillator mechanism since the linearized delayed oscillator equation is stable during the mature ENSO events and unstable during the transition phase. Though the antiphase relationship of the extratropical decadal bred vector with the background state is consistent with damped stochastically forced dynamics, we cannot exclude the existence of the extratropical instability. Two mechanisms, instability and stochastic forcing, may affect the bred vector growth simultaneously, and behavior of the bred vector may depend on which mechanism dominates. Additional study is necessary to investigate the relative importance of instability and stochastic forcing in the dynamics of the North Pacific climate. For this purpose we intend to examine the interannual and decadal North Pacific bred vectors in a simple coupled model, where the model stability and the amplitude of stochastic noise can be controlled, and in the ACGCM with the interactive ensemble coupling strategy. The interactive ensemble coupling allows us to control the amplitude of atmospheric noise in a coupled GCM by averaging an ensemble of AGCM integrations.
